Amplification of DNA Sequences
The techniques for studying intact, high-molecular-weight DNA obtained from tissues, discussed earlier in this series, require DNA with ample numbers of target sequences. In some instances, however, only a small amount of material might be available for study (eg, a few cells from a fineneedle aspirate) or only a few target sequences available for detection (eg, a few viral particles in a sample of cerebrospinal fluid). In these cases, it is useful to selectively amplify the DNA target sequence of interest, thereby providing ample copies of the DNA sequence for study. This article will discuss methods for producing multiple copies of DNA sequences and techniques for detecting variations in nucleotide sequences, including DNA sequence analysis.
DMA Amplification Techniques
The probe hybridization technology mentioned earlier requires high-molecular-weight DNA from a large number of cells. Each cell contains only one copy of the DNA. Oligonucleotide probes require that many copies of the target DNA be present to provide enough hybridization points to permit target localization on a blot. In similar fashion, in-situ hybridization works best when multiple viral or other target sequences are present within each cell, again providing a sufficient number of sites for probe hybridization to permit detection of the signal. In other instances, however, only a few copies of the target sequence may be present. In such cases, it is desirable to amplify this limited amount of target sequence so that it can be detected and studied.
Strategies recently have been developed to amplify a single target sequence millions of times so that it can be detected more easily. The most widely used amplification strategy is the polymerase chain reaction (PCR). To use this procedure, the target sequence to be amplified must be This is the final article in a three-part series on DNA. Other articles discussed the structural properties of DNA, how it is extracted from cells for study, some of the basic tools used to gain useful clinical information, and the techniques commonly used to test native high-molecular-weight DNA obtained from cells and tissues. On completion of this series, readers will be able to describe the composition of DNA, how the strands are arranged, how to extract DNA from tissues prior to testing, and how DNA fragments are prepared by enzyme digestion, separated using gel electrophoresis, and then isolated for further study.
known. Typically, this target sequence ranges from 100 to 1,000 base pairs in length. To perform PCR, two small oligonucleotide primer sequences must be synthesized that typically are 16 to 20 base pairs in length. These primer sequences are complementary to the 3' ends of the sequence to be amplified (Fig 1) .
Initially, the DNA is denatured by heating in the presence of the synthesized primer sequences. As the reaction mixture cools, some of the DNA strands reanneal with their original complementary partner strands. Because the synthetic primer pieces are present in excess numbers, however, they are more likely to bind to the complementary region on the native DNA strand. With the primers bound to the native DNA, the polymerization (DNA synthesis) reaction is free to proceed. The technologic breakthrough that permitted the automation of this technique was the discovery of a DNA polymerase enzyme from a strain of bacteria collected from a mineral hot spring. These bacteria are capable of surviving at high temperatures, and their biologic enzymes are capable of withstanding temperature extremes. Consequently, this enzyme does not lose its ability to synthesize new DNA despite numerous denaturation steps. After the primer sequences have attached, or annealed, to the target DNA strand, the DNA polymerase enzyme will generate new DNA strands by incorporating individual nucleotide bases that are provided in the reaction mixture (Fig 1) . After synthesis of the new DNA strands, the reaction mixture again is heated to 96°C to denature the newly generated DNA pieces from the original DNA strands. These new DNA strands, along with the original strands, can serve as templates for additional amplification cycles. If these steps are repeated 25 to 30 times, it is possible to amplify the original DNA segment 1 million times. Millions of copies of the sequence can be generated within a few hours.
As outlined above, this amplification process provides large numbers of copies of the original target sequence. Often, it is necessary only to determine whether amplification occurred. For example, you can detect viral DNA from a blood sample using a pair of primers specific for a short sequence within the viral genome that is specific to the virus and is not found in mammalian cells. Following amplification, the presence of viral DNA would yield a PCR product of the appropriate size; whole samples not containing viral DNA would have no product. These amplified products can be detected simply by placing the PCR reaction mixture in agarose gel and performing electrophoresis. Because the length of the DNA target sequence is known, the presence of a distinct band in the agarose gel following ethidium bromide staining that is of the appropriate size is evidence that viral DNA was present in the sample.
To further confirm that this is viral DNA, the amplified fragments can be transferred to a membrane using the Southern blot procedure, and an oligonucleotide probe, specific for a sequence within the viral PCR product, is applied to confirm that the amplified product is virus DNA rather than nonspecific amplification of human DNA.
In the case described, the presence of a band is evidence that the viral sequence was present in the specimen. The absence of a band is problematic, however, in that one cannot be certain whether the sequence indeed was absent, or that the reaction conditions were inappropriate for the PCR reaction to proceed. In most cases, a positive control reaction is used as well, in which a second set of primers to a normal human gene certain to be present are added to ensure that the PCR conditions were adequate and that all reagents were added. Techniques based on the PCR are being applied to clinical situations to detect both human and microbial genes within tissues and blood specimens from patients.
These amplification techniques can be performed relatively quickly and require only a small amount of DNA. The Southern blot procedure requires DNA from many cells and up to several weeks to perform. The PCR technique, using rapid and simplified DNA isolation procedures, can be performed in only a few hours using DNA from a small number of cells. Potentially, results can be available the same day the patient's sample is received in the laboratory. Also, the increased sensitivity of amplification procedures allows for the detection of a very small number of copies of a target sequence in a relatively large specimen (eg, a few copies of a viral sequence in a sample of cerebrospinal fluid).
DNA Cloning Gene Cloning
One of the more important advances in molecular biology has been the ability to remove segments of mammalian DNA and insert them into small circular portions of bacterial plasmid DNA. This technique involves removing the DNA sequence of interest by cutting it away from the intact genomic DNA using restriction enzymes. This DNA restriction fragment is inserted into a circular piece of plasmid DNA for insertion into bacteria (Fig 2) .
The bacteria then are propagated in culture using a system that is selective for the bacterial organisms containing the plasmid DNA. This often is achieved using a plasmid vector containing an antibiotic resistance gene. The bacteria then are cultured in the presence of the antibiotic. Only bacteria containing the plasmid with the gene to inactivate the antibiotic are capable of sustained growth within the medium. Using this approach, large numbers of copies of the DNA target fragment can be generated as the bacteria multiply. The human DNA fragments can be isolated by lysing the bacteria using a special buffer, collecting the plasmid DNA, and then excising the human portion using the original restriction enzyme. The DNA sequence of the human fragment can be determined as outlined below. Using bacterial plasmids, only small portions of human DNA can be inserted. For larger sequences, other cloning carriers (vectors) have been developed (eg, yeast artificial chromosomes).
D N A Sequencing
Sometimes, it is desirable to know the entire nucleotide sequence of a particular portion of DNA. This is especially useful when looking for point mutations (single nucleotide changes) within a gene encoding a biologically important protein. Sequence analysis requires a large number of copies of the particular sequence of interest. These copies can be obtained either by cloning the sequence into a plasmid vector, inserting the vector into competent bacteria and amplifying it, or by using PCR to produce large numbers of copies of the target sequence. After the sequence has been amplified, a primer is synthesized that will hybridize at the 3' end of the DNA strand to be sequenced. Individual nucleotides now are added along with a DNA polymerase enzyme. In addition, one of the four bases (ie, adenine, thymidine, cytosine, or guanine) is labeled with a radioactive marker. A small amount of a single nucleotide is added as a di-deoxyribose derivative. Four separate reactions are set up, each containing a different labeled base and di-deoxyribose terminator. The advantage of using these di-deoxynucleotides is that there is no hydroxyl group at the 3' position to permit chain extension. Wherever one of these labeled bases is incorporated, the growing nucleotide strand is terminated. By providing an excess of unlabeled single deoxy bases, the chances of incorporating the di-deoxy chain terminators is a random event. A large number of molecules will incorporate the regular deoxy nucleotides and the strand extension will continue. Occasionally the di-deoxy terminator will be incorporated, resulting in chain termination. The four reaction mixtures then are separated electrophoretically in an acrylamide gel with each lane representing a different labeled base. Using the appropriate acrylamide concentration, it is possible to separate the individual nucleotide fragments on the basis of size, each being one base longer than the previous fragment. Using this method, it is possible to read off the sequence directly from the gel. Automated methods have been developed that incorporate fluorescent labels into the di-deoxy 
A Guide to Amplification Terminology
The following guide will help you in your study of DNA amplification techniques.
Amplification-A process to produce multiple copies of a specific DNA sequence.
Di-deoxyribose derivative-A ribose sugar in which hydrogen replaces the hydroxyl groups at both the 2' and 3' positions on the ring.
Gene cloningsequence.
-A method for producing quantities of a specific DNA Heteroduplex analysis-A modification of single-strand conformational polymorphism that can be used to determine sequence differences in allelic variants of a gene.
Nucleotide sequencing-A method to determine the entire nucleotide sequence of a particular portion of DNA. Sequence analysis requires a large number of copies of the particular sequence of interest.
Plasmid vector-A piece of circular DNA contained within bacterial organisms. Under appropriate conditions, this plasmid can be introduced into bacterial organisms, bringing with it additional genetic information.
Polymerase chain reaction (PCR)-A strategy that uses synthesized oligonucleotide primers to amplify a single target DNA sequence so that it can be detected and studied more easily.
Single-strand conformational polymorphism-A technique used to detect subtle differences in nucleotide sequences; typically used to compare sequences from two or more individuals to determine whether they are identical or whether a mutation has occurred. t e r m i n a t o r s . Using this a p p r o a c h , each chain terminator can be labeled with a different color and all of the reactions can be run in a single lane on a gel. A laser scans the gel, determining which color terminator is present at each location. Using this method, the software within the instrument is able to d e t e r m i n e the sequence with a high degree of accuracy.
Single-Strand Conformational Polymorphism
Single-strand conformational p o l y m o r p h i s m (SSCP) is used to detect subtle variations in short DNA sequences such as PCR-amplified products. This technique typically is used to compare sequences from two or more individuals to determine whether they are identical or whether a mutation has occurred. To perform this type of analysis, the amplified products are denatured into single strands and then separated using acrylamide gel electrophoresis. Following denaturation, as the separate strands cool, they fold up on themselves, assuming a three-dimensional conformation based on intrastrand regions of base complementarity. If there are focal base differences within the same sequence segment from two individuals, or between two different allelic forms of gene from the same individual, these strands fold up in slightly different conformation due to these complementarity differences. These conformational differences can be seen when the strands are separated using acrylamide gel electrophoresis (Fig  3) . Single-strand conformational polymorphism has been used to detect mutations in normal human genes such as the p53 tumor suppressor gene.
A modification of SSCP can be used to determine sequence differences in allelic variants of a gene. This technique is called heteroduplex analysis and involves amplifying the genetic locus of interest using PCR. The amplified products are mixed together, d e n a t u r e d by heating, and allowed to cool. In some cases, the original two strands from each amplicon reanneal to their complementary partner (homoduplex). In other instances, the strand from one allele binds to a strand from the other nonidentical allele (heteroduplex). While there is a high degree of sequence complementarity, the match is not perfect, leading to a short region or regions that are not bound, thereby altering the electrophoretic migration. By analyzing the reaction mixture using an acrylamide gel, it is possible to separate these heteroduplexes from the homoduplexes, indicating that some areas of noncomplementary sequence are present and therefore that these pieces of sequence are not identical.
Potential Uses
The techniques outlined in this series have a wide range of clinical uses within the laboratory. The most obvious and exciting applications are in the area of clinical microbiology. Using sensitive amplification-based strategies, small amounts of microbial DNA can be detected in clinical samples. These techniques also have wide applicability to hematopathology. The Southern blot techniques and, more recently, PCR-based assays have been used to detect clonal rearrangement of immunoglobulin and T-cell receptor genes, indicating the presence of a clonal proliferation of lymphocytes. Detection of a clonal expansion of lymphoid cells suggests the presence of a lymphoid neoplasm. Other PCR techniques have been developed to detect chromosomal translocations typical of other lymphoid and hematopoietic malignancies, as well as some types of solid organ neoplasms.
Summary
An increasing number of molecular tests are being developed, and the results are beginning to appear in the literature monthly. Virtually all tests are based on exploiting the physical and chemical properties of DNA using techniques such as DNA amplification, gene cloning, and nucleotide sequencing. An understanding of the basic concepts of nucleic acid structure and physical properties will help the reader evaluate these reports for possible clinical significance. Eventually, these techniques will find their way into most clinical laboratories. A basic understanding of these concepts will aid the pathologist or technologist in analyzing the results and troubleshooting the test procedures.© Please let us know your opinion of the Molecular Biology (702) series.
1. The series met the objectives stated in the abstract. 
Test Time
Look for the CE Update exam on Molecular Biology (702) following this article. Participants will earn 3 CMLE credit hours.
Correction
In the first article of this series, titled "The ABCs of DNA" {Lab Med. 1997; 28:48-52) , the CH groups in Fig 1 on page 49 should be hydroxyl (OH) groups. The corrected figure follows. 
